We study the implications of a recent estimate of the bulk ow of a set of galaxies containing supernovae type Ia by Riess, Press, and Kirshner. We nd that their results are quite consistent with power spectra from several currently popular models of structure formation, but that the sample is as yet too sparse to put signicant constraints on the power spectrum. We compare this new result with that of Lauer and Postman, with which there is apparent disagreement. We nd that for the power spectra we consider, the dierence in window functions between the two samples used for the measurements results in a low level of expected correlation between the estimated bulk ows. We calculate a 2 for the two measurements taken together and nd that their lack of agreement tends to disfavor spectra with excessive p o w er on large scales, but not at a level sucient to rule them out. A sample consisting of other SN type Ia's found in the Asiago catalog is used to study how the sensitivity of the method used by RPK will improve with increasing sample size. We conclude that the local group motion should be able to be determined with a sample of 100 SN Ia light curve shapes.
Introduction
The large scale velocity eld carries a potential wealth of information on the power spectrum as well as other quantities associated with structure formation. Eorts to extract this information, however, have been hampered by the diculty of making accurate estimates of the peculiar velocities of distant objects. The error in a peculiar velocity measurement is typically some fraction of its redshift, which, for the case of a very distant object can mean that the error is larger than the velocity being measured. This situation has led some observers interested in very large scales to focus rst on the lowest moment of the peculiar velocity eld, or the bulk ow, since the noise in this measurement is reduced by the square root of the number of objects in the sample.
Recently, Riess, Press & Kirshner (1995a ,1995b ) (hereafter RPK) have developed a distance measure applicable for high redshift galaxies ( 10; 000 km/s) using type Ia supernova (SN Ia) light curve shapes that can achieve accuracies estimated to be about 5% of the redshift. This is a signicant improvement o v er previous high redshift methods, most notably that based on brightest cluster galaxies (BCG) used by Lauer and Postman (1994) (hereafter LP) , which has an estimated accuracy of 17% of the redshift. Using their distance measure, RPK have reported the bulk ow of a sample of 13 distant galaxies obtained primarily from the Cal an/Tololo supernova search (Hamuy 1993 , Maza et al. 1994 , see also RPK 1995 and references therein) in which SN Ia light curves have been observed; a sample with a median redshift of 5500 km/sec. They report their result as being inconsistent at a high condence level ( 99%) with the result of Lauer and Postman, who measured the bulk ow of a complete, volume limited sample of 119 Abell clusters with a comparable depth. As we shall discuss below, this lack of agreement is not too surprising in the context of currently popular power spectra; for these spectra we expect both the RPK and LP measurements { 3 { to be dominated by noise and incomplete cancellation of smaller scale ows and thus to be nearly uncorrelated.
The RPK result is especially intriguing in light of the fact that several groups have shown that the LP result is inconsistent at the 94 98% level with the power spectra of most currently popular models (Feldman & Watkins 1994 , Strauss et al. 1994 , Jae & Kaiser 1994 , Tegmark et al. 1994 , as well as the power spectrum estimated by F eldman, Kaiser & P eacock (1994) from the IRAS{QDOT survey (Feldman & Watkins 1994 ). As we shall show, the RPK result is quite consistent with all the power spectra we h a v e considered.
In this Letter we explore the implications of this new measurement for our knowledge of the power spectrum on large scales. We calculate 2 statistics for the RPK result by itself and the RPK and LP results taken together for a variety o f p o w er spectra. We also calculate a measure of the expected correlation between results from the LP and RPK samples. Finally, we discuss the expected sensitivity of the RPK SN Ia sample for determining the underlying bulk ow of the volume in which the sample is embedded, and examine how this sensitivity will improve as the sample size increases.
Analysis
The analysis in this letter follows closely our previous analysis of the LP survey (Feldman & W atkins 1994 , see also Kaiser 1988 ). Here we give a n o v erview of our methods and refer the reader to our previous paper for details. We also expand our analysis to include the comparison of two data sets sampling the same peculiar velocity eld.
Given a bulk ow v ector U i , the covariance matrix for the estimated bulk ow o f a sample of galaxies is the sum of two statistically independent parts, R ij h U i U j i = R v ij + R " ij ;
(1) { 4 { the rst part arising from the sampling of the underlying velocity eld and the second arising due to the noise in the distance estimates. The velocity part of the covariance matrix is the convolution of a squared tensor window function and the velocity p o w er spectrum
where 
In these equations and the equations to follow, repeated indices denote implicit sums. Here is the dispersion in the line{of{sight v elocity due to random velocities (which w e take t o be a constant for the sample), n is the estimated uncertainty in the line{of{sight peculiar velocity, and A ij = X nr n;irn;j 2 n + 2 : (5) wherer n;j is the jth component of the unit vector of the nth galaxy. The uncertainty n is typically proportional to the redshift of the galaxy; for the RPK sample we use the distance errors reported for each galaxy (Riess et al. 1995b ). The choice of eects mainly the noise term in the covariance. We shall adopt a value of 400 km/s, consistent with the value of 382 km/s obtained by dividing the recent pairwise velocity dierence estimate from the CfA2+SSRS2 redshift surveys (Marzke et al. 1995 ) by p 2. We note that the noise contribution to the bulk ow v aries roughly linearly with for values around 400 km/s; the eect of on the velocity part of the covariance matrix is much less pronounced. The velocity p o w er spectrum is given by P v (k) h j v ( k ) j 2 i = H 2 a 2 k 2 P ( k ), where P(k) is the density power spectrum. The noise term in the covariance matrix is simply R " ij = A 1 ij .
{ 5 { W e dene a 2 statistic for the three degrees of freedom of the measured bulk ow v ector V to be given by 2 V V i R 1 ij V j , where V i is the ith component o f V . R ij can also be used to calculate an expectation value for the magnitude of the bulk ow, a convenient n umber with which to compare dierent spectra and catalogs. We also calculate the expectation values for the velocity and noise parts of the covariance matrix separately, denoted by v and .
In addition to applying our method to the RPK sample of 13 SN Ia's, we also wish to study how the sensitivity of the RPK method will increase as the sample size becomes larger. In order to do this, we h a v e obtained a sample of 61 SN Ia's taken primarily from the Asiago catalog of recent supernovae (including the 13 used by RPK). This sample should be typical of SN Ia samples gathered in the future. We h a v e applied our analysis to subsets of this sample of varying sizes as well as to larger mock samples designed to have roughly the same distribution in redshift.
In order to study the likelihood that a given power spectrum could have produced both the LP and RPK results, we construct the 6-dimensional vectorŨ T = ( U LP ;Ũ RPK ). Using a similar analysis to that described above, we calculate a covariance matrix R T ij h U T i U T j i and a corresponding 2 for 6 degrees of freedom given by 2 T U T i R T ij U T j . Additionally, w e get an idea of how m uch correlation we expect betweenŨ LP andŨ RPK for a given power spectrum by calculating the normalized expectation value for their dot{product,
which should be close to 1 for highly correlated vectors, zero for vectors that are completely uncorrelated, and 1 if there is a high degree of anti-correlation.
We consider power spectra from the IRAS{QDOT survey, the BBKS standard CDM ( 8 = 1 , h = 0 : 5) model (Bardeen et al. 1986 ), a CDM spectrum using the maximum likelihood parameters (CDM ML ) calculated by Jae & Kaiser (1995) for the LP survey (h = { 6 { 0 : 075, 8 = 0 : 9), CHDM simulations (normalized to COBE quadrupole Q 2 = 1 7 K, Klypin et al. 1993) , and PIB generated power spectrum ( = 0:1, = 0 : 9, Peebles 1994). We have corrected the IRAS{QDOT and CHDM spectra for the redshift distortion pointed out rst by Kaiser (1987) . The CDM ML spectrum is inconsistent with COBE measurements and is included for comparison only. In Fig. 1a we show the velocity p o w er spectra we used in this letter. Since the IRAS{QDOT power spectra has no information for k < 0 : 025hMpc 1 corresponding to scales > 250 h 1 Mpc, we h a v e extrapolated to the COBE point so that the QDOT power spectrum is well dened for all scales of interest (see Fig 1a) .
We h a v e seen that the velocity part of the covariance matrix is the integral over k space of the product of the squared tensor window function and the velocity p o w er spectrum [see Eq. (2)]. Study of the squared window function of a survey is therefore useful for determining which scales contribute to the bulk ow estimate and to what degree. A sparse sample will tend to pick up contributions from small scales through incomplete cancellation. This is exhibited by the window function not falling to zero outside of the central peak, but rather approaching a constant. The height of this \plateau" decreases roughly as N, the number of sample objects. For sparse samples, the components of the tensor window function vary rapidly with the angle and magnitude ofk. These small scale variations tend to smooth out on averaging over angles. In what follows, all window functions are assumed to be averaged over angles and are plotted as a function of jkj.
In Fig. 1b we show the trace of the squared tensor window function for the RPK sample. For comparison, we include the trace of the squared tensor window function for the LP survey. F rom this gure it is clear that, except on the largest scales, the RPK and LP samples probe the power spectrum in very dierent w a ys; indeed, if one were to look at the full three dimensional window function, the overlap between the two window functions would appear to be even smaller. This implies that while both vectors will have similar contributions from the very largest scales, contributions from smaller scales will in general not be correlated.
In Fig. 1c we show the trace of the squared tensor window function for mock surveys with the same distribution in redshift as the RPK sample. The window functions are shown for samples of varying sizes, averaged over 20 realizations for each size. Averaging over many realizations tends to smooth out features associated with specic placements of sample objects, making the underlying \plateau" more prominent.
Unlike the LP survey of clusters, the RPK sample is not volume limited but rather has fewer objects at increasing redshifts. This will in general broaden the window function, with subsequent greater contributions to the bulk ow from scales smaller than that of the sample. As the sample size becomes larger, it will be possible to select an optimal subsample which balances the desire to make the window function narrower against the increase of noise inherent in a smaller sample size (see Fig. 1c ).
Results
In table 1, we show 2 for the RPK result, the LP result, and both results taken together using a variety o f p o w er spectra. We also include the measure C of the expected correlation [Eq. (6)]. Note that the RPK result is quite consistent with all the power spectra we h a v e considered. Also note that the LP values of 2 are somewhat larger than we reported in our previous work (Feldman & Watkins 1994) due to the correction of a small error in our calculation.
If there were no overlap between the RPK and LP window function, then the resulting bulk ow v ectors would be expected to be uncorrelated and 2 T would be the sum of 2 RPK and 2 LP . Window function overlap gives cross{terms which tend to favor agreement b e t w een the two v ectors; i.e. if the window functions are similar then the vectors should be too. Here, { 8 { since the RPK and LP bulk ow v ectors point in almost opposite directions, overlap will increase 2 T so that the probability of getting both vectors decreases. Power spectra with lots of power on large scales, where the overlap is greatest, will be more strongly disfavored due to the higher expectation for correlation between the two results. As we see from table 1, this eect is greatest for the CDM ML spectrum (which has the most power on large scales, see Fig 1) . However, even here the probability that both the RPK and LP results could be obtained is not small. For the other spectra, the large value of 2 T can be attributed to the large value of 2 LP ; indeed, the inclusion of the RPK data increases the likelihood for the IRAS{QDOT, CDM, and CHDM spectra.
In Fig. 2 , we present results of our analysis using mock catalogs of varying sizes as discussed above. For these catalogs, we give the noise-free expectation value v for each of our power spectra, as well as the noise expectation value. For each of the sample sizes, we created a number of random catalogs and averaged over the results. The variance over dierent random catalogs was of order 10% and has been neglected.
As the number of objects in the sample increases, the noise contribution to the expectation value decreases like N. F or small N, the velocity contribution to the expectation value will also decrease like N, due to the fact that with a small number of objects the largest part of this term is coming from the incomplete cancellation of small scale ows (see Fig. 1c ). As the volume becomes well sampled, however, the velocity expectation approaches a constant which represents the velocity of the volume as a whole. This eect is clearly seen in Fig. 2 .
The covariance matrix for the RPK sample is not spherically symmetric; the eigenvalues are in the ratio 1 : 1:5 : 2 : 2, with the smallest variance being in a direction near the z axis.
This anisotropy is in large part due to the fact that most supernova are found near the galactic poles, where the galactic extinction is lowest. Since the sensitivity is highest in the z direction, we h a v e also included in Fig. 2 a plot showing the expectations for this component alone.
Discussion
Comparison of the results of the RPK and LP studies assumes that they are measuring the same quantity. H o w ever, an examination of Fig. 1b and Table 1 shows that this is not necessarily the case. The RPK and LP bulk ow v ectors contain signicant contributions due to noise and incomplete cancellation of small scale ows. Both of these contributions depend on the details of the survey and of the power spectrum and would not be expected to correlate across dierent samples. As we h a v e discussed above, the eect of the disagreement between the RPK and LP results is to disfavor models with large amounts of power on large scales, although not at a level that provides signicant constraints.
Clearly, if RPK type measurements are to constrain the power spectrum, many more objects will be needed. If we assume that the power spectrum on large scales is not too far dierent from those considered in this Letter (excluding CDM ML ), then from Fig. 2 we can estimate that the signal to noise should become 1 when the number of SN Ia's in the sample is of order 100. When the number of objects reaches 200, one should have a fairly precise value for the bulk ow of the sample. Given the greater sensitivity in the z direction, it is likely that the SN Ia estimate for the z component of the bulk ow could be reasonably accurate with just 60 or so objects. Between the Cal an/Tololo survey and the CfA collection of supernovae, the RPK sample size should reach 4 0 b y the end of 1995 (A. Riess, Private communication). However, the ending of the Cal an/Tololo search eort makes the prospects dim for signicantly increasing this number in the near future.
In contrast, for an LP type survey, with typical distance errors of approximately 15%, a sample size of the order of 300 is needed to get a a signal to noise of about one for our { 1 0 { power spectra, or about 200 data points for the z component V z . Of course, if the actual bulk velocity is larger than the expectation values we h a v e calculated, than it will show i n a sparser survey; indeed, LP may h a v e already detected a large z component for the bulk ow.
Lauer and Postman in collaboration with Strauss have begun to take data for a survey similar to that of LP, but deeper (R max = 2 4 ; 000km/s). In addition to the BCG distance indicators that were used in the LP survey, they will use some velocity dispersion measurements that may tighten the errors down to about 10% of the distance. The survey will have about 600 clusters. To get the noise to be below the signal for a volume limited sample of this depth one would need at least 1200 data points for 15% error, (800 for a 10% error).
However, to resolve the z component, 800 points (550 for 10% error) would suce. Thus, if the bulk ow is indeed large, or the error in the distance indicators is reduced to < 10%, then the Lauer, Postman and Strauss survey may indeed see it. Given that the number density of objects in these surveys cannot be increased (it is a fairly complete sample), the only thing that can be done to improve the resolution of the bulk ow v ector is to decrease the error in the distance measurements. for the four power spectra considered as a function of the size of the survey. W e also show the expected magnitude of the noise, " , which falls with the number of data points.
